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ABSTRACT: Atomically thin molybdenum disulfide (MoS,)
shows great potential for use in nanodevices because of its
remarkable electronic, optoelectronic, and mechanical proper-
ties. These material properties are often dependent on the
thickness or the number of layers, and hence Raman
spectroscopy is widely used to characterize the thickness of
atomically thin MoS, due to the sensitivity of the vibrational
spectrum to thickness. However, the lasers used in Raman
spectroscopy can increase the local surface temperature and
eventually damage the upper layers of the MoS,, thereby
changing the aforementioned material properties. In this work,
the effects of lasers on the topography and material properties
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of atomically thin MoS, were systematically investigated using Raman spectroscopy and atomic force microscopy. In detail,
friction force microscopy was used to study the friction characteristics of atomically thin MoS, as a function of laser powers from
0.5 to 20 mW and number of layers from 1 to 3. It was found that particles formed on the top surface of the atomically thin MoS,
due to laser-induced thermal effects. The degree of particle formation increased as the laser power increased, prior to the thinning
of the atomically thin MoS,. In addition, the degree of particle formation increased as the number of MoS, layers increased,
which suggests that the thermal behavior of the supported MoS, may differ depending on the number of layers. The particles
likely originated from the atmosphere due to laser-induced heating, but could be eliminated via appropriate laser powers and
exposure times, which were determined experimentally. The outcomes of this work indicate that thermal management is crucial
in the design of reliable nanoscale devices based on atomically thin MoS,.
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B INTRODUCTION

Atomically thin molybdenum disulfide (MoS,) has attracted
tremendous interest because of remarkable material properties
that differ from those of the bulk form. For example, the
indirect bandgap in bulk MoS, gradually increases up to the
direct band gap in a form of monolayer," which suggests the
great potential of monolayer MoS, for use in nanoscale
electronic™® and optoelectronic® devices. Various chemical
sensors have also been proposed based on changes to the
electronic properties of atomically thin MoS, because of
adsorbates.”” In addition, the superior mechanical properties of
atomically thin MoS, further suggest its potential applicability
for use in nanoscale devices.*” Furthermore, low frictional
characteristics of MoS,'"”"> allow for the exploitation of
atomically thin MoS, as a protective or lubricant layer,”'*
especially for devices that encounter a contact sliding during
operation.
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The material properties of atomically thin MoS, are often
dependent on thickness or the number of layers. Raman
spectroscopy has been widely utilized to characterize the
thickness of atomically thin MoS, and the material properties
associated with thickness because of the sensitivity of the
vibrational spectrum to thickness.'>'® Also, thermal con-
ductivity of atomically thin MoS, has been obtained based on
the relationship between frequency shift of Raman character-
istic peaks and temperature.'’~** Thermal effects caused by the
laser during Raman spectral measurements have also been
reported. For example, thickness-dependent shifts in the Raman
modes of atomically thin MoS, because of laser-induced
thermal effects have been observed.”’ In particular, the upper
layers of the MoS, can be removed under high laser power and
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the fabrication of monolayer MoS, was demonstrated based on
laser ablation.”**® Furthermore, it was shown that the
treatment using a pulsed laser may cause damage on the
MoS, surface.”® In fact, high-powered lasers often cause
increases in the local temperature at the surface,”’ >" and
therefore surface damage may occur. To minimize thermal
effects on atomically thin MoS, during Raman spectral
measurements, a wide range of laser powers from 0.14 to 2
mW are used.'®'®'%212* However, the effects of lasers on the
surface of atomically thin MoS, have not been explored.

In this work, the effects of lasers on the surface of atomically
thin MoS, are systematically investigated using Raman
spectroscopy and atomic force microcopy (AFM). Atomically
thin MoS, with various thicknesses were treated with a laser at
powers ranging from 0.5 to 20 mW using Raman spectroscopy,
and the surfaces of treated regions were then carefully observed
by AFM. In particular, friction force microscopy (FFM) images
clearly demonstrate the effects of laser treatment on the surface
of atomically thin MoS,. It is demonstrated that particles may
be formed on the top surface of atomically thin MoS, because
of laser-induced thermal effects as functions of layer thickness
and laser power. Such particle formation, which may degrade
the electronic and optoelectronic properties of atomically thin
MoS,, should be taken into account for the design of reliable
nanodevices using atomically thin MoS,. This observation is
also of importance for a comprehensive understanding of the
thermal effect on the surface of atomically thin MoS,. In
addition, from FFM, the friction characteristics were
quantitatively assessed to gain a better understanding of the
friction properties of atomically thin MoS,, considering that the
friction characteristics of atomically thin MoS, have not been
intensively explored, in contrast to graphene.’’””’ A
quantitative understanding of the friction characteristics of
atomically thin MoS, provides useful information to elucidate
the feasibility of atomically thin MoS, as protective or lubricant
layers for nanoscale devices.

B EXPERIMENTAL SECTION

MoS, flakes from natural crystalline MoS, (SPI supplies) were
deposited onto an SiO,/Si substrate by mechanical exfoliation.”** The
thickness of the thermally grown SiO, substrate layer was about 280
nm. The number of MoS, layers on the substrate was identified by
optical microscopy (VK-X200, Keyence), AFM (MFP-3D, Asylum
Research), and Raman spectroscopy (Alpha300R, Witec). All
specimens were carefully examined using optical microscopy and
AFM observations, prior to the experiment, to ensure that the
specimens were free from tape residue. Also, the chemical state of the
MoS, specimen was analyzed by X-ray photoelectron spectroscopy
(XPS, PHI Quantera II, Physical Electronics) to assess the degree of
contamination from the mechanical exfoliation process. The top-
ographies of specimens were obtained from the intermittent contact
mode of AFM using silicon probes with a nominal normal spring
constant of 2 N/m (AC240, Olympus). After intermittent contact
mode imaging, contact mode imaging was performed to observe
thermal effects on friction properties of the atomically thin MoS, and
to observe the movement of particles caused by the probe. Silicon
probes with a nominal spring constant of 0.2 N/m (LFMR,
Nanosensors) were used for contact mode imaging. For quantitative
force measurement, normal® and lateral®® force calibrations were
performed prior to contact mode imaging. The normal force for
contact mode imaging was initially set to 0.5 nN to minimize damage
to the AFM probe and specimens during measurements. However, to
observe particle movement with respect to the applied normal force,
the normal force was increased up to 15 nN.
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After careful location and focusing of the laser spot on each
specimen, the Raman emission was collected with a S0X objective (NA
= 0.8). A laser with an excitation wavelength of 532 nm was used and
the spectral resolution of the instrument was set to be 1.4 cm™. To
identify the number of layers, Raman spectra were obtained with a
laser power of 0.5 mW and an exposure time of 10 s. However, for
laser treatments, the laser power was increased up to 20 mW and the
exposure time varied from 10 to 60 s. Laser power was directly
measured using a laser power meter and carefully adjusted prior to
each laser treatment. The intervals between treatments were about 10
min. All experiments were performed in ambient conditions (25 °C
and 40% RH for laser treatments and Raman spectral measurements,
and 2527 °C and 35—45% RH for AFM measurements).

B RESULTS AND DISCUSSION

Figure la shows optical microscopy images of monolayer (1L),
bilayer (2L), trilayer (3L), and bulk MoS, specimens before
laser treatment. These images clearly show differences in optical
contrast with respect to the number of layers. Topographic
images of specimens obtained under the intermittent contact
mode of AFM are shown in Figure 1b, along with cross-
sectional height profiles. The thickness of the 1L MoS, was
about 0.9 nm, which is greater than the theoretical value of
thickness for 1L MoS, (0.62 nm). This discrepancy may be due
to the presence of adsorbents below the MoS, layer or
interactions between the MoS, layers and the substrate, '® in
addition to measurement uncertainty in AFM topography.’’
The thicknesses of the 2L and 3L MoS, were, respectively, 1.6
and 2.2 nm, which shows step heights of individual layers of
0.6—0.7 nm. This value is comparable with the theoretical
interlayer spacing of 1L MoS,. The thickness of the bulk MoS,
was about 100 nm, which indicates that the number of layers in
the bulk MoS, is more than 100. XPS spectra obtained from the
as-exfoliated bulk MoS, show an extremely small peak
associated with carbon (in low concentration), which is likely
to originate from the environment,”” in addition to the peaks
associated with MoS, and SiO, (Figure S1). The presence of
carbon after mechanical exfoliation is typically observed in
previous studies.”®*” This indicates that the degree of
contamination on the specimen used in this work is comparable
to that of other MoS, specimens prepared by mechanical
exfoliation.

FFM images of MoS, specimens obtained under the contact
mode of AFM with 5 nN normal force are shown in Figure Ic.
Only FFM images obtained from forward scanning (left to
right), where darker (brighter) contrast indicates lower
(higher) friction force, are shown in the figure. Figure lc
clearly shows that the MoS, layer has significantly lower friction
force compared to the substrate. The friction forces on the 1L,
2L, and 3L MoS, were 0.99 nN, 0.86 nN, and 0.73 nN under 5
nN normal force, respectively. In general, the friction force on
atomically thin MoS, decreased as the number of layers
increased, which agrees with results reported in a previous
study."' The friction force on the bulk MoS, was about 0.44
nN, which is significantly smaller than that on the atomically
thin MoS,.

Raman spectroscopy was also used to identify the number of
MoS, layers. To minimize the thermal effect,' " the Raman
spectra of MoS, specimens were obtained with 0.5 mW laser
power for 10 s. Figure 1d shows the Raman spectra of the MoS,
specimens, which represents the dependence of the two Raman
modes, Eég and Ay on thickness. As the thickness increased,
the frequency of the Eég mode decreased (red-shift) while that
of the A}, mode increased (blue-shift), eventually converging
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Figure 1. (a) Optical microscopy images, (b) AFM topographic images, (c) FFM images, and (d) Raman spectra of 1L, 2L, 3L, and bulk MoS,
specimens. The topographic and FFM images were obtained from the intermittent contact and contact modes of AFM, respectively. The cross-
sectional profile and the friction loop are included in panels b and c, respectively. The red dashed lines indicate the locations where the cross-
sectional profiles and friction loops are taken. For 1L, 2L, and 3L MoS,, the cross-sectional profiles were obtained from high magnification
topographic images for accurate determination of their thickness. FFM images from only the forward scan are included for clarity, where darker
(brighter) contrast indicates lower (higher) friction force. The friction loops were obtained from both the forward and backward scanning. In panel
d, the frequency of the characteristic peaks of the Eig and A;, modes from the bulk MoS, are denoted as dashed lines for comparison.

on the frequency values of the bulk, which is again consistent spectroscopy, specimens were exposed to the laser at different
with a previous study.'® powers to investigate the surface damage of atomically thin
After characterizations of the thickness and initial states of MoS,. Initially, laser power varied by 1 mW, S mW, and 10 mW
the surfaces of the MoS, specimens using AFM and Raman while the exposure time was set to 60 s. After laser treatment,
2976 DOI: 10.1021/acsami.5b09382
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Figure 2. AFM topographic images of 1L, 2L, and 3L MoS, obtained by the intermittent contact mode after laser treatments with 1 mW, $ mW, and
10 mW for 60 s. The locations of laser treatment are indicated by crosses in the low magnification topographic images shown on the left. High
magnification topographic images of the laser treated regions are shown on the right along with cross-sectional profiles, which demonstrate increases
in particle formation with increasing laser power and number of layers. The red dashed lines in the high magnification topographic images indicate

locations where cross-sectional profiles are taken.

the topographies of the MoS, specimens were obtained from
the intermittent contact mode of AFM. Figure 2 shows
topographic images of atomically thin MoS, specimens after
laser treatment, along with cross-sectional profiles at the centers
of the treated regions. As shown in Figure 2, no significant
changes in topographic images of the treated regions were
observed after treatment with the 1 mW laser, while significant
amounts of particles or adsorbates were formed on the MoS,
surface after treatments with the 5 and 10 mW lasers. The
particles or adsorbates were circular in shape, with diameters
that generally increased as the number of MoS, layers and laser
power increased. The diameter of the circular shape formed on
3L MoS, by treatment with the 10 mW laser was comparable to
the diameter of the laser spot (~2 um). Relatively small
particles a few nm in height formed separately on the 1L, 2L,
and 3L MoS, after treatment with the 5 mW laser and on the
1L MoS, after treatment with the 10 mW laser. However, the
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circular region in the 2L MoS, was almost covered by the
particles and a layer about 2 nm in thickness was formed after
treatment with the 10 mW laser. As for the 3L MoS,, a region
covered by particles was observed at the center of the laser
treated region, surrounded by separately formed particles, after
treatment with the 10 mW laser. Furthermore, a few larger
particles about 10 nm in height were found at the centers of the
treated regions on the 1L, 2L, and 3L MoS, after treatment
with the 10 mW laser, as clearly demonstrated in the cross-
sectional profiles in Figure 2. The volumes of particles
approximately calculated from the topographic images
increased as the number of layers and laser power increased
(Figure S2). The results from 12 different sets of experiments
using separately prepared atomically thin MoS, specimens
showed that the particle formation was reproducible (Figure
S3). These outcomes clearly indicate that the particles were
generated during laser treatment, and that the degree of particle
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Figure 3. FEM images of 1L, 2L, and 3L MoS, obtained by the contact mode under 0.5 nN normal force after laser treatments with 1 mW, S mW,
and 10 mW for 60 s. The locations of laser treated regions can be clearly identified because of the large friction characteristics of particles based on
the low magnification FFM images shown on the left. High magnification FFM images of the laser treated regions are shown on the right along with
representative friction loops, which demonstrate increases in friction due to particle formation and signs of particle movement by the AFM probe. In
the friction loops, the data obtained from forward and backward scans are shown as blue and red lines, respectively. The red dashed lines in the high
magnification topographic images indicate locations where friction loops are taken.

formation increased as the number of layers and laser power
increased.

After observation of the topographies of atomically thin
MoS, specimens after laser treatment, FFM images were
obtained with the contact mode of AFM, with an aim to
characterize the friction properties of particles and their
behavior because of contact sliding. Initially, FFM images
were obtained under relatively small normal force. Figure 3
shows FFM images and representative friction loops obtained
on the 1L, 2L, and 3L MoS, under 0.5 nN normal force. On the
basis of the FFM images in Figure 3, regions treated by the
laser with S and 10 mW, where significant amounts of particles
were formed, were clearly identified due to the large friction
characteristics of the particles. Particularly, multiple peaks were
observed in the friction loops due to separately formed particles
on 1L, 2L, and 3L MoS, by treatment with the 5 mW laser and
on 1L MoS, by treatment with the 10 mW laser. In contrast,
regions covered with particles on 2L and 3L MoS, after
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treatment with the 10 mW laser exhibited relatively constant
friction forces of about 1 nN. In addition, signs of particle
movement by the AFM probe during contact mode imaging
were clearly observed in Figure 3. Interestingly, signs of particle
movement and an increase in friction force were observed in
the high magnification FFM images of regions treated by even
the 1 mW laser on 1L and 2L MoS, although these regions are
not clear in the low magnification FEM image. The region
treated by the 1 mW laser on 3L MoS, was not clear in the high
magnification FFM image although it is clear in low
magnification FFM image, but signs of the particle movement
are apparent. Considering the particles were moved by the
AFM probe and high magnification FFM images were obtained
after the low magnification images, the particle movement
observed during low magnification FFM imaging may explain
why the region treated by the 1 mW laser on 3L MoS, was not
clearly observed in the high magnification FFM image.
Nonetheless, these results indicate that the surfaces of
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Figure 4. (a) Topographic and (b) FFM images of bulk MoS, obtained by intermittent contact and contact modes (under 0.5 nN normal force),
respectively, after laser treatments with 10 and 20 mW for 60 s. The locations of the laser treated regions are indicated by crosses in panel a. High
magnification topographic and FFM images of the region treated by the 20 mW laser are, respectively, inserted for clarity in panels a and b, along
with the cross-sectional profile and the friction loop. The height contrast in the topographic image in panel a is adjusted to clearly observe the top

surface of bulk MoS,.

atomically thin MoS, may be affected even by treatment with a
1 mW laser for 60 s, although it is difficult to observe significant
changes in topography (Figure 2).

In contrast to the 1L, 2L, and 3L MoS,, no significant particle
formation or increases in friction on the top surface of bulk
MoS, were observed after laser treatment with powers ranging
from 1 to 10 mW. Therefore, the laser power was increased up
to 20 mW for the case of bulk MoS,. Figure 4 shows
topographic and FFM images of bulk MoS, after laser
treatments with powers of 10 mW and 20 mW for 60 s. The
topographic image in Figure 4a suggests that the surface of the
bulk MoS, remained relatively clean without particle formation
after treatment at 10 mW. In addition, the FFM image shown
in Figure 4b indicates that changes in friction and the
appearance and movement of particles were negligible in the
regions treated by 10 mW laser, as compared to the untreated
regions. However, a layer surrounded by small particles was
clearly observed on the region treated by the laser at 20 mW
from the topographic images and cross-sectional profile shown
in Figure 4a. Furthermore, the FFM image and friction loop in
Figure 4 (b) demonstrate that the region treated by the laser at
20 mW exhibited larger friction forces, as expected.

To examine the surfaces of atomically thin MoS, beneath the
particle formation, the particles formed during laser treatments
were moved further by contact mode imaging, following up on
the observations of particle mobility as shown in Figure 3. More
particles were moved as the applied normal force increased, as
expected (Figure S4). Figure S shows topographic and FFM
images of regions treated by lasers with 5 and 10 mW on 2L
MoS, obtained after multiple contact mode imaging under
normal forces ranging from 0.5 to 7 nN. On the basis of the low
magnification topographic images in Figure 5, particles moved
by the AFM probe accumulated along the edges of the scanned
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regions. However, it was difficult to move relatively large
particles formed around the centers of the laser treated regions
by contact mode imaging with 7 nN normal force. On the basis
of the high magnification topographic images shown in Figure
S, in which the boundaries of the regions with the particles are
indicated as dashed lines, the top surfaces of the MoS, were
clean without significant damage (e.g, height decrease). In
addition, the FFM images in Figure 5 showed that differences
in the friction forces inside and outside of regions where
particles formed, were negligible. These observations indicate
that the particles formed by the laser were placed on the top
surfaces of MoS,. To further validate this observation, the
presence of the Raman peak at 820 cm™, which yields MoO,
on the surface, was carefully examined, considering that bulk
MoS, is readily oxidized due to the presence of oxygen at high
temperature and MoQO; can thus be formed”® However, the
peak intensity at 820 cm™' in the Raman spectra obtained
during laser treatment was not high enough compared to the
background intensity to clearly indicate the presence of MoOj;
(Figures S6 and S7), which agrees with the result of previous
studies.”*”® Hence, it was confirmed that atomically thin MoS,
was not oxidized by the laser treatments up to 10 mW for 60 s.
It is also important to note that the particles were not generated
by the substrate, as the atomically thin MoS, layer covers the
substrate even after laser treatments (Figure S). Considering
that gas molecules may be chemically or physically adsorbed on
the MoS, surface,"' ~*" particles are likely to originate from the
atmosphere as a result of laser treatment of atomically thin
MoS, in ambient conditions. The initially adsorbed contami-
nants (e.g, carbon) on the MoS, surface (Figure S1) could
affect the particle formation, and such contaminants are likely
to originate from the environment.”®”” AFM topographic
images of MoS, thinned by thermal annealing in vacuum do
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Figure S. Topographic and FFM images of (a) 2L and (b) 3L MoS, after laser treatments with 10 mW followed by contact mode imaging for
particle movement. The low magnification topographic images shown on the left indicate that the particles accumulated along the boundaries of
regions used for multiple contact mode imaging under 0.5—7 nN normal forces. The dashed boxes in the low magnification topographic images
indicate locations of high magnification topographic and FFM images. The boundaries of the region where particles are formed are denoted by
dashed lines in the high magnification topographic and FFM images shown on the right.

not show significant particle formation,** which also supports
the idea that the particles may originate from the atmosphere.

The dependence of the degree of the particle formation on
laser power and the number of layers suggests that particle
formation is associated with temperature increases that are
influenced by the thermal conductivity of atomically thin MoS,,
interfacial thermal conductance, and heat sink and interference
effects of the substrate. In contrast to graphene,45 the thermal
conductivity of the suspended MoS, may be less dependent on
thickness since the phonon—phonon scattering channel does
not significantly change with respect to thickness.** However,
the interfacial thermal conductance between the MoS, and
substrate may cause the increase in the thermal conductivity of
the supported MoS,.'”*" Furthermore, heat may dissipate from
atomically thin layers to the substrate, which may act as a heat
reservoir.”” It is plausible that the effect of the interfacial
thermal conductance and heat dissipation to the substrate
decreases as the number of MoS, layers increases, which in turn
causes increases in temperature at the top surface when the
number of layers increases. This may be responsible for the
dependence of particle formation on the thickness of the
atomically thin MoS,. By considering that the thermal
conductivity of the MoS, and interfacial thermal conductance
between MoS, and SiO, may further decrease as the
temperature increases, particle formation may be accelerated
by increasing temperature as well. However, as for the bulk
MoS,, the local heat produced by the laser may dissipate more
effectively due to the greater thermal conductivity®” than that of
atomically thin MoS,.' #9214 Furthermore, the bulk MoS,
may sink heat in more efficient ways than atomically thin MoS,,
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owing to the presence of more than 100 layers. These ideas
may explain the relatively high laser powers needed for particle
formation on top surface of bulk MoS, as shown in Figure 4.
This result is also consistent with a previous result, which
showed that thick flakes of MoS, cannot be easily thinned by
laser treatment.”*

For comparison, 1L and 2L graphene specimens were treated
by a laser up to 40 mW for 60 s and then examined by AFM.
However, no significant particle formation or changes in
friction force were observed from the topographic and FEM
images in the case of graphene (Figures S8 and S9). Because of
the significantly greater thermal conductivity of gra-
phene***™*° compared to atomically thin MoS,,"*'¥*"*
graphene is likely to be less susceptible to thermal effects
caused by the laser. Note that the laser power density for
graphene treatment was approximately 0.16 mW/um?, which is
2 orders of magnitude less than that used to thin graphene.”’

With an aim to find the appropriate conditions necessary for
Raman spectroscopy to eliminate particle formation, the laser
treatment with 0.5 mW was performed. Figure 6 shows AFM
topographical and FFM images of 1L MoS, before and after
treatments with 0.5 mW for 10, 30, and 60 s. To eliminate the
possible movement of particles during contact mode imaging,
FFM images were carefully obtained at high magnification with
no low magnification imaging. The changes in both topography
and FFM images after laser treatment for 10 s were negligible.
Hence, it was confirmed that the surface of 1L MoS, was not
affected during the thickness characterization using Raman
spectroscopy. However, although no significant alternations of
topographical images were observed after laser treatment with
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Figure 6. (a) Topographic and (b) FFM images of 1L MoS, before and after laser treatments with 0.5 mW for 10, 30, and 60 s. Topographic and
FFM images were obtained from the intermittent contact and contact modes of the AFM, respectively. The locations of laser treatment are indicated

by crosses in panels a and b.
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Figure 7. Topographic image and cross-sectional profile of 2L MoS,
after laser treatment with 20 mW for 60 s followed by contact mode
imaging. The cross-sectional profile is provided along with the red
dashed line, which shows that the average height decrease is about 0.7
nm.
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0.5 mW for 30 and 60 s, the FFM images showed a noticeable
increase in friction force in the laser-treated region. The
particles adsorbed on 1L MoS, were probably too small to be
observed in the AFM topographic image after laser treatments
with 0.5 mW for 30 and 60 s. The increase in temperature was
estimated from Raman spectra obtained during laser treatments
(the frequency shift of the A;, mode) and the temperature
coefficient for 1L MoS, supported on SiO, from a previous
study.”” The temperatures for the treatments with 0.5, 1, and 5
mW for 60 s were calculated to be about 340, 370, and 450 K,
respectively. However, since the Raman spectra obtained for 60
s were used for the temperature calculation, the frequency shift
is likely to be underestimated, considering that the temperature
increases as the exposure time increases. Therefore, actual
temperature for particle formation will be much larger than
these values. Nevertheless, based on the results shown in Figure
6, the use of a laser with less than 0.5 mW for less than 10 s is
recommended to eliminate thermal effects on 1L MoS, during
Raman spectral measurements.

To observe the thinning of atomically thin MoS, by laser
treatment, 2L MoS, was treated by a laser with 20 mW for 60 s
and examined by AFM. Figure 7 shows topographic image of
2L MoS, after laser treatment followed by multiple contact
mode imaging for particle movement from the treated region,
along with a cross-sectional profile. More particles remained
than in the data shown in Figure 5, although the normal force
applied by the AFM probe increased up to 15 nN during
contact mode imaging. However, the topographic image shown
in Figure 7 demonstrates the thinning of 2L MoS, around the
region where the particles remained. The cross-sectional profile
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shown in Figure 7 indicates that the decrease in height of the
thinned region is about 0.7 nm, which corresponds to the
thickness of 1L MoS,. The thinning of the MoS, layer occurred,
probably due to sublimation,”**° after particle formation as the
temperature increased with increasing laser power. The laser
power required for thinning 2L MoS, in this work is relatively
larger than that used for thinning of about 20L MoS, in a
previous study.”* However, an increase in the degree of the
particle formation with number of layers at a given laser
treatment condition (Figure 2) suggests that temperature may
increase more as the number of layers increases to a certain
level, due to decreases in the effect of the interfacial thermal
conductance and heat dissipation to the substrate, which may in
turn decrease the laser power required for the thinning
relatively thick MoS,.

The spot size and intensity of the laser, as well as the degree
of the focusing of laser on the top surface of atomically thin
MoS,, may affect the local temperature, which in turn
influences the degree of particle formation. Furthermore, the
thermal conductivity of atomically thin MoS, may be affected
by the quality of the specimen associated with the preparation
method (e.g, mechanical exfoliations vs chemical vapor
deposition). "' Therefore, the measurement conditions
required for Raman spectroscopy to eliminate the particle
formation may vary. However, the experimental results suggest
that, for typical Raman spectral measurements in ambient
conditions, the use of laser power below 0.5 mW with exposure
time less than 10 s is recommended to eliminate thermal effects
on 1L MoS,. Considering that lasers with powers ranging from
0.14 mW to 2 mW have been used to characterize atomically
thin MoS$, in other work,'®'®'*"* this information provides a
guideline to minimize thermal effects during Raman spectral
measurements. This work also provides useful input for the
design of nanodevices based on atomically thin MoS,. For
example, considering the fact that particle adsorption or
contamination may degrade the performance of nanodevices
based on atomically thin MoS,,”*” temperature increase during
fabrication and operation should be minimized to prolong life
and improve device performance. Furthermore, to promote the
use of atomically thin MoS, as a lubricant layer for nanodevices
with contact sliding, the increase in temperature due to contact
sliding should be taken into account since it may cause
increases in friction due to particle formation, especially in
ambient conditions.

Bl CONCLUSION

This work presents an investigation of thermal effects caused by
lasers on the surface of atomically thin MoS,. Atomically thin
MoS, with the various thicknesses were treated with lasers
ranging in power from 0.5 to 20 mW using Raman
spectroscopy, and the treated regions were then carefully
observed by FFM as well as topographic images via AFM. It
was found that the particles, which are likely to originate from
the atmosphere, may be adsorbed on the top surface of
atomically thin MoS, due to laser-induced thermal effects. Also,
it was observed that the degree of particle formation increased
as the number of MoS, layers and laser power increased. In
addition, the thinning of atomically thin MoS, occurred after
particle formation, as laser power further increased up to 20
mW. The thickness dependence observed in terms of particle
formation suggests that the thermal behavior of the supported
atomically thin MoS, may differ with respect to the number of
layers. Based on the experimental results, laser power and
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exposure time are recommended to eliminate thermal effects on
1L MoS, during Raman spectral measurements. The results
from this work provide important information for the thermal
design of atomically thin MoS,—based devices with prolonged
life and improved performance.
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